The pathology of surfactant-induced ocular irritation, especially in the context of accidental human exposures and animal tests used to assess a surfactant's potential ocular irritation, is not well understood. The purpose of this study was to characterize the microscopic changes in rats at 3 hr and on days 1. 2, 3. 4. 7. 14. and 35 following treatment with anionic. cationic, and nonionic surfactants of differing irritancy. The right cyc of each rat was-treated by placing 10 pI of a surfactant directly on the cornea. Untreated left eyes served as the controls. At each time point, eyes and eyelids were macroscopically examined and collected for microscopic examination. Macroscopically. the differing levels of irritation were characterized by differences in incidence and magnitude of scores, reflecting involvement of the cornea, conjunctiva. and iris, as well as by the incidence of neovascularization and time to recovery. Microscopically. differences in the area and depth of injury, paralleled the differences seen grossly and the relative irritancies of the various surfactants. All surfactants affected the corneal and conjunctival epithelium. All surfactants, except the slightly irritating anionic surfactant, caused corneal stromal changes, with this involvement being proportional to their overall level of irritation. Corneal endothelial cell effects principally occurred with only the severely irritating cationic surfactant. Over time, responses to surfactants of differing irritancy were qualitatively and quantitatively different. and these differences correlated with the extent of initial injury. Qualitative differences in response included presence of keratocyte regeneration, corneal neovascularization, and conjunctivalization of the corneal epithelium with all of the surfactants except the slight irritant. Quantitative differences in response occurred in the extent of epithelial regeneration, edema. and inflammation f6r surfactants of slight to severe irritancy, and with neovascularization, keratocyte regeneration, and conjunctivalization for surfactants of mild to severe irritancy. These results suggest that by defining initial area and depth of injury associated with an ocular irritant, it may be possible to predict the subsequent rcsponsc and final outcome. Such an approach would be applicable to the development of mechanistically based in virro assays. Downloaded from * Incidence of neovascularizarion for animals on study on days 3, 4. and 7.
INTRODUCTION
Mechanistic similarities must exist between in vitro alternative tests and events occurring in vivo if the iiz vitro tests are to be used as replacements for animals in assessing ocular safety (5, 6) . Efforts to validate iit vitro alternatives by correlative analyses with ocular irritation scores from the Draize test or the low-volume eye test (LVET) have had limited success. This limited success, in part, is due to the very subjective and descriptive nature of the information derived from macroscopic examinations used as the basis for scoring irritation in these iiz vivo tests (4, (8) (9) (10) 12) . To develop in vifro assays for use as replacement tests, a better understanding of the critical cellular and molecular changes involved in the ocular response in in vivo tests is needed (10). Critical changes identified as important for predicting ocular irritation can be modeled .when developing in vifro tests. Additionally, an enhanced understanding also contributes to making better risk assessments.
Our initial interest has focused on surfactants because they are widely used in consumer products and pharmaceuticals (2) . Additionally, limited information exists on the pathological changes occurring with surfactant-induced ocular imtation in the context of accidental human exposures and animal tests used to assess such irritation (1 1) . Specific surfactants were chosen for study because of significant human use experience and because they had been used as benchmarks in routine ocular irritation tests. They were also chosen for study because they represent varying levels of irritation (slight, mild, moderate, severe) and, as possible, include surfactants of different . type (anionic. cationic, nonionic) . Establishing level of potential irritation is important to industry and regulatory agencies because packaging, labeling, and handling restrictions designed to protect the public health are based on these classification schemes. These studies were conducted in rats as our previous work has indicated the rat may be an appropriate surrogate for rabbits in these type of studies (1 1) .
In the present study, we characterized the pathological changes occurring over time with surfactants known to produce varying levels of ocular irritation. By defining TOXICOLOGIC PATHOLOGY the temporal pathological changes we begin to lay the groundwork for development of improved mechanistically based in vitro tests. The results suggested that by defining initial area and depth of injury associated with an ocular irritant, it may be possible to predict the subsequent response and final outcome. Such an approach would be applicable to the development of mechanistically based alternative assays either using ex vivo eyes or in vitro corneal equivalents.
METHODS

-
The methods were similar to those previously described (1 1).
Aniinals and Aniinal Husbandry.
Adult male Sprague-Dawley rats (Charles River Laboratories, Inc., Portage, MI) weighing 200-350 g were used. The rats were individually housed in suspended stainless steel cages in an environment-controlled room with a 12/12-hr lightldark cycle. Purina Certified Rat Chow and water purified by reverse osmosis were provided to each rat ad libiticnt. All rats were acclimated to the laboratory environment for a minimum of 7 days prior to initiation of the study. Housing and care were based on those published in the Guide for the Care and Use of Laboratory Animals (14).
Test Materials. Anionic, cationic, and nonionic surfactants were selected to represent the following levels of ocular irritation based on historical rabbit Draize and LVET data: weighed and divided randomly into groups. Ten microliters of a surfactant was directly placed on the cornea of the right eye on day 0. Treatments were performed using a 100-pl Teflon-tipped Hamilton syringe (Hamilton Co., Reno, NV). Following instillation, the eyelids were released immediately without forced blinking or manipulation. The left eye of each rat was not treated and served as the control. The eyes were macroscopically examined for initation using a penlight at 3 hr and on days 1, 2, 3, 4, 7, 14, 21, 28, and 35 after treatment. Irritation was scored according to a weighted scale for grading the seventy of ocular lesions (3) . For the cornea, opacity was evaluated by degree and area, and presence of erosion, neovascularization, and scar formation were assessed. For the iris, increased prominence or iridal folds, congestion, swelling, circumcorneal injection, hemorrhage, gross tissue destruction, and decreased pupillary reflex were assessed. Conjunctiva was evaluated for degree of redness, swelling, and discharge. The maximum total score possible was 110 (cornea = 80, iris = 10, conjunctiva = 20). All treatments and macroscopic examinations were done by one of us (R.D.P.). At the time points indicated above, rats were euthanized by intraperitoneal injection of sodium pentobarbital and exsanguination. Eyes and eyelids were collected from all rats. Eyes were placed in Davidson's fixative and after 24 hr were transferred to 10% neutral buffered formalin (NBF). The left and right upper and lower eyelids were collected and placed in 10% NBE Eyes and eyelids were trimmed, routinely processed, embedded in paraffin wax, sectioned at 5 pm, and stained with hematoxylin and eosin. Eyes were sectioned to allow microscopic examination at the level of the peripheral cornea, intermediate cornea, and central cornea. All microscopic examinations were performed by one of us (J.K.M.), and the microscopic changes were assigned severity grades of 0-5 representing unremarkable, slight, mild, moderate, marked, and severe, respectively.
Mean macroscopic scores for the cornea, iris, and conjunctiva were determined as were the maximum average score (MAS) and median days to recovery. The MAS represents the highest score for a group during the course of the study beginning on day 1. Mean severity scores were derived by adding the severity scores for all rats in . each group and dividing by the number of rats in the group.
Mean severity scores and standard deviations for each of the microscopic changes by group were used to calculate the area under the curve (AUC) and variance so 2.40.b.~d.. 0.38 4.7a.c.d 16.84b.c.d.t g,@.b.c.d 12.41b.c.d.e 8.p.b.de 8-7~b.c.d.e 8.80.b.cd.6' 0.47 7.7a.b.de 0.53 4.3".b.c.d as to provide a composite measure of the relative seventy of each change over time. Mean scores for the bulbar, upper palpebral, and lower palpebral conjunctiva were totaled in order to assess overall conjunctival change. Mean scores for epithelial erosiodattenuation, denudation (absence of surface epithelium), and necrosis were totaled in order to assess overall epithelial injury and are reported as epithelial cell loss.
Statistical Analyses. Microscopic observations taken over time were summarized by an AUC measure. Time points were assumed to be spaced equally so as to give relative equal weight to the events occurring over time. AUC is a linear function of the mean response level at each time point and represents a cumulative measure of treatment effect. Variances of the AUCs were also calculated. Statistical tests of the equality of AUCs between pairs of treatment groups were conducted (1) . Association of the extent of initial injury (epithelial cell loss, keratocyte loss, endothelial cell loss) with extent of each of the subsequent responses (edema, inflammation, regeneration, neovascularization) was assessed by determining correlation coefficients using the mean scores at 3 hr for initial injury and AUCs for the subsequent responses for the different surfactants.
RESULTS
Macroscopic Obsewatioits
Total scores for the slight (5% SLS) and mild (LAS, AElS, and NIONC) irritants tended to be higher at the very early time point(s) and decrease with time, while the scores for the moderate (DTRGT) and severe (CTMAC) irritants tended to remain high for longer periods of time or increase before beginning to decrease ' p < 0.05.
( Fig. 1 ). Cornea and conjunctiva were affected by all surfactants. while iris was affected by all surfactants except the slight irritant (Table I) .
Neovascularization occurred in some rats treated with each of the mild irritants between days 3 and 14 (Table  I) . For the moderate irritant, neovascularization was noted over the same time period, but the incidence was slightly higher compared to the mild irritants. With the severe irritant, neovascularization was observed beginning -on . day 4, occurred at a higher incidence than with the moderate irritant, and was still evident in some rats on day 35. Neovascularization was not noted with the slight irritant. Collectively, all eyes treated with the slight irritant were considered normal on day 2, while those treated with AElS and NIONC, both mild irritants, were considered normal on day 14 and day 35, respectively. On day 35, there was still minimal involvement of the treated eyes of 2 rats with LAS, 1 rat with DTRGT, and all rats with CTMAC.
Microscopic Observations
The overall severity and general temporal pattern of the changes by group as depicted in the various graphs was aligned with the overall known imtancy of the various surfactants.
Conjunctiva. Distinct differences were not recognized for bulbar versus palpebral conjunctiva. All surfactants were noted to affect the conjunctival epithelium (Fig. 24 . At 3 hr, erosiodattenuation and denudation occurred with each of the surfactants, and necrosis also occurred with CTMAC and NIONC. Collectively, these changes were no longer evident beginning on day 2 for the slight irritant, on day 3 or 7 for the mild irritants, and on day 7 for the moderate and severe irritants. Regeneration was observed with each surfactant beginning on day 1 (Fig.  2b) . This change was no longer evident beginning on day 4 with the slight irritant, and on day 14 with mild and moderate irritants. On day 35, slight or moderate regen-eration was observed in 4 rats treated with the severe irritant.
Edema associated with the substantia propria occurred in some rats treated with each surfactant beginning at 3 hr. Edema was not evident on day 2 with the slight irritant, on days 4 or 7 with the mild irritants, and on day 14 with the moderate and severe irritants (Fig. 2c) . Inflammation, principally neutrophilic associated with the substantia propria, was noted with each surfactant, except the slight irritant, beginning at 3 hr (Fig. 2d ). Inflammation was no longer evident on day 3 with the slight irritant, on days 14 and 35 with LAS and NIONC, respectively, but was still present on day 35 in individual rats treated with AElS and the moderate and severe irritants.
The AUC summary measures revealed the extent of epithelial cell loss, edema, inflammation, and epithelial regeneration for the slight irritant to be less than that for the other irritants (Table 11 ). For LAS and AElS these changes were of similar magnitude but less intense than that for NIONC, DTRGT, and CTMAC. With NIONC, these changes were less intense than with DTRGT Extent of edema and inflammation with DTRGT and CTMAC were similar, but magnitude of epithelial cell loss and regeneration was greater with DTRGT than CTMAC. Extent of epithelial cell loss correlated highly with edema, inflammation, and regeneration (Table 111) .
Cornea. The changes were generally observed in each of the corneal sections examined from each rat. Epithelial cell loss occurred with each surfactant (Fig. 3a) . At 3 hr, the slight irritant caused only erosiodattenuation, while .the other surfactants caused erosiodattenuation and denudation. Coagulative necrosis was evident with the severe irritant and epithelial cell necrosis was noted with NIONC. Regeneration was observed with each surfactant beginning on day 1 (Fig. 3b ), and conjunctivalization (12), presence of conjunctival epithelium over the cornea surface as evidenced by presence of goblet cells, occurred in some rats treated with each surfactant, except the slight irritant, beginning on day 7 (Fig. 3c ). Epithelial regeneration was delayed with the severe irritant reflecting the overall greater injury to the surface epithelium. On day 35, minimal erosiodattenuation, minimal denudation, and moderate regeneration were only observed in individual rats treated with the severe irritant, while minimal to severe conjunctivalization was observed with the mild to severe irritants, except NIONC.
In the stroma, keratocyte loss (Fig. 3d ) was observed at 3 hr with each surfactant except the slight irritant. Extent of keratocyte loss was aligned with the overall irritancy of the mildly to severely irritating surfactants. Keratocyte loss was no longer evident on day 7 for the mild irritants; however, minimal or slight keratocyte loss was still present in individual rats treated with the moderate and severe irritants on day 35. Keratocyte regeneration (Fig. 3e ) was observed beginning on day 2 with each surfactant except the slight irritant. Minimal to moderate keratocyte regeneration was observed in 4 rats treated with the severe irritant on day 35. Edema (Fig. 3f) and inflammation (Fig. 3g) , principally neutrophils, were present with each surfactant beginning at 3 hr. Edema was no longer evident on day 2 for the slight irritant, on day 4 or 7 for the mild irritants, and on days 14 and 35 for the moderate and severe irritants, respectively. Inflammation was no longer evident on day 4 for the slight irritant, on day 35 for the mild irritants, but minimal inflammation was still noted in 1 rat treated with the moderate irritant and minimal to moderate irritation was noted in 4 rats treated with the severe irritants on day 35. Neovascularization associated with the anterior stroma was observed beginning on day 2 with each surfactant except the slight irritant (Fig. 3h) . Neovascularization was no longer evident with AElS and NIONC on day 35; however, minimal neovascularization was observed in 2 and 3 rats treated with LAS and the moderate irritant, respectively, and minimal to marked neovascularization was observed in 5 rats treated with the severe irritant on day 35.
-
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Endothelial cell changes only occurred with the moderate and severe irritants. Minimal endothelial cell loss (Fig. 3i ) was observed only on day 3 in 2 rats treated with the moderate irritant and at 3 hr through day 35 in rats treated with the severe irritant. Subendothelial accumulation of neutrophils occurred with the severe irritant beginning on day 2 but was not seen on day 35. Endothelial regeneration (larger, more basophilic cells, at times with slight piling up of the cells) was observed with the moderate irritant only on day 3, and with the severe irritant on days 2 through 35 (Fig. 3j) . The AUCs revealed the corneal changes to be least extensive with the slight irritant and of similar but increased magnitude with the mild irritants (Table 11 ). The changes with the moderate irritant tended to be of increased magnitude over those occurring with the mild irritants. Changes for the moderate irritant were of similar intensity as those with the severe irritant, except that the degree of keratocyte loss and neovascularization was in-creased with the severe irritant. Endothelial cell loss, endothelial regeneration, and subendothelial inflammation were statistically significant for only the severe irritant compared to each of the other irritants. Extent of epithelial cell loss and keratocyte loss correlated with the subsequent responses (edema, inflammation, regeneration, neovascularization) , whereas extent of endothelial cell loss correlated with only endothelial regeneration (Table  111) .
Other. Inflammation associated with the iriskiliary body occurred with each surfactant (Fig. 4a ). For the slight irritant this change was only noted on day 1. For the other surfactants this change occurred in some rats beginning at 3 hr. Minimal inflammation was observed in 1 and 2 rats with LAS and the severe irritant, respectively, on day 35. Inflammation (Fig. 4b) and protein accumulation ( Fig. 4c ) in the anterior chamber occurred in some rats treated with each surfactant, except the slight irritant, beginning at 3 hr and were not evident on day 7. For the slight irritant, protein and inflammatory cells were observed only on day 1. AUCs revealed the magnitude of these changes to be associated with the general level of irritancy of the various surfactants (Table 11 ).
DISCUSSION
We have proposed that differences in irritancy are related to differences in area and depth of initial injury, and regardless of the processes leading to tissue damage, area and depth of injury are primary factors in determining the final outcome of ocular irritation (8, 10). Our previous work has shown differences in the extent of initial iEjury occurring with surfactants of differing imtancy (8, 10, 11) . This previous work provided initial support for our hypothesis and suggested that differences in time to recovery and extent of recovery reflect differences in the extent of initial injury. The present study extends support for this premise by demonstrating that the responses over time to surfactants of differing irritancy were qualitatively and quantitatively different and that these differences correlate with the extent of initial injury.
Initial changes in the present study were consistent with those previously reported in rats and rabbits (8, 10, 11) . Injury with the slight irritant was restricted to the conjunctival and corneal epithelium, that with the mild irritants involved the corneal and conjunctival epithelium and the superficial corneal stroma; that with the moderate irritant also involved the epithelium and corneal stroma but was of increased magnitude compared to the mild irritants; and that with the severe irritant dramatically affected the corneal and conjunctival epithelium, corneal stroma, and corneal endothelium. Qualitative differences in response over time were evidenced by the presence of keratocyte regeneration, corneal neovascularization, and conjunctivalization of the corneal epithelium with the mild to severe irritants, but not the slight irritant, and by the endothelial response principally being restricted to the severe irritant. Qualitative differences reflected differences in which layers of the cornea were initially injured.
Statistically significant quantitative differences in response were observed in the extent of epithelial regen-eration, edema, and inflammation for surfactants of slight to severe irritancy, and with neovascularization, keratocyte regeneration, and conjunctivalization for surfactants of mild to severe irritancy. The quantitative differences reflected differences in extent of initial injury to the corneal epithelium, stroma, and endothelium.
One criterion for in vitro alternatives for ocular irritation testing to be used as replacements for animals in assessing ocular safety is ability of the in vitro tests to provide answers at least as useful and preferably better than reference animal tests (13) . An in vitro test should then be able to predict likely recovery following accidental ocular exposure as this is a critical determinant of a test material's potential irritancy. By better understanding the extent of injury and the repair processes associated with different materials causing different levels of ocular irritation in vivo, we will be able to predict the likelihood of recovery based upon the extent of initial injury and early responses. It should be possible to use in vitro assays, which by nature are short term, to predict more long-term effects. The strong associations between initial injury and subsequent responses, as shown in this paper, support this concept. This association suggests it may be possible to position the irritancy of a material by defining the extent of initial injury it induces. It would not be necessary to look at all time points currently assessed.
We also extend our previous findings by demonstrating the similarity of responses over time to different types of surfactants with comparable irritation levels. This is evidenced by the qualitative and quantitative similarities between the mildly irritating anionic surfactants and the mildly irritating nonionic surfactant with respect to extent of initial injury and responses. We are currently conducting additional studies to confirm this finding which supports our contention that extent of injury is a prime determinant of subsequent recovery irrespective of the class of surfactant.
Every effort was made to maintain as much consistency as possible across the individual experiments with respect to animal maintenance, dosing, macroscopic scoring, and collecting, processing, and microscopically examining and grading the eyes and eyelids. Despite these efforts a range of responses was observed. For the most part, these differences in initial injury and subsequent responses likely reflect the inherent variability associated with ocular irritation testing previously ascribed to differences in individual animal responses (7, 15, 16) . This inherent variability no doubt accounts for much of the variation within and across the various time points for a given test material. This variation highlights one potential problem to developing iri vitro alternatives-the extrapolation of the wide range of responses observed in vivo with a given irritant to a very homogeneous in vitro system. Therefore, in order to develop mechanistically based in vitro assays it will be necessary to focus on that range of prototypic responses that clearly distinguish one level of irritation from another.
In the present study we extend our previous observations to provide a detailed pathological characterization of ocular irritation occurring over time. We demonstrate that as area and depth of 'injury increase, the intensity and duration of the subsequent responses increase as evidenced by differences in the AUCs. This suggests that by defining the initial area and depth of injury associated with ocular irritation it may be possible to predict the subsequent response and final outcome. Importantly, we believe such an approach is applicable to development of alternative assays based on either injury to ex vivo eyes or injury to an in vitro corneal equivalent system. Taking this one step further, quantitative and qualitative differences in mediators associated with these pathological changes may also be a feasible means to develop mechanistically based in virro assays. Finally, our work provides a set of benchmark materials by which other less well-characterized materials can be compared and contrasted in order to better establish their irritation potential.
